Nanostructured materials have shown extraordinary promise for electrochemical energy storage but are usually limited to electrodes with rather low mass loading (~1 milligram per square centimeter) because of the increasing ion diffusion limitations in thicker electrodes. We report the design of a three-dimensional (3D) holey-graphene/niobia (Nb 2 O 5 ) composite for ultrahigh-rate energy storage at practical levels of mass loading (>10 milligrams per square centimeter). The highly interconnected graphene network in the 3D architecture provides excellent electron transport properties, and its hierarchical porous structure facilitates rapid ion transport. By systematically tailoring the porosity in the holey graphene backbone, charge transport in the composite architecture is optimized to deliver high areal capacity and high-rate capability at high mass loading, which represents a critical step forward toward practical applications.
B
atteries and supercapacitors represent two complementary electrochemical energy storage (EES) technologies (1) (2) (3) (4) , with the batteries offering high energy density but low power density and supercapacitors providing high power density with low energy density. Although lithium (Li)-ion batteries currently dominate the market for powering consumer electronic devices and are making in-roads into transportation and grid storage, there is a growing technological demand for more rapid energy storage (high power) without compromising energy density. Thus, there is considerable interest in creating materials that combine the high energy density of battery materials with the short charging times and long cycle life of supercapacitors (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) .
The combination of high energy density and high power density requires materials that can store a large number of charges (such as Li ions) and an electrode architecture that can rapidly deliver sufficient charges (electrons and ions) in a given charge/discharge duration. This behavior can occur in nanostructured materials that include very thin films and materials reduced to nanoscale dimensions-that is, materials with low mass loading (<1 mg cm −2 ) (8, 10, (15) (16) (17) . However, such nanoscale materials cannot be readily scaled to electrodes that have practical levels of mass loading (~10 mg cm −2 ) because of increasing ion diffusion limitations in thicker electrodes. Moreover, the highly promising electrochemical properties achieved in low-mass loaded electrodes rapidly diminish in practical devices when other passive components such as current collectors and separators (~10 mg cm −2 ) are included (18) . As a result, the scaled areal capacity or current density rarely exceeds those of today's Li-ion batteries (~3 mAh cm ) (19, 20) . In general, sustaining the same gravimetric capacity and current density in higher mass-loaded electrodes (for example, 10 versus 1 mg cm −2 ) requires proportionally higher ion and electron currents across a longer charge transport distance. Recent studies focusing on the question of mass loading in Li-ion batteries showed that the ionic current was especially critical and defined a penetration depth to describe the utilization of the active electrochemical material for a given electrode thickness (19) . Therefore, in a thick electrode, the mass transport limit of ions is particularly important because insufficient charge transport could severely degrade the capacity within a fixed charge/discharge window because of considerably higher overpotential (21) . These considerations suggest that the mass loading required to translate the high performance achieved by many nanoscale materials into practical devices is a fundamental challenge in electrode design rather than a matter of scaling.
We report on the design and mass loading properties of an electrode architecture using a three-dimensional holey graphene framework (3D-HGF) as the conductive scaffold for electrochemical active material [for example, orthorhombic niobia (Nb 2 O 5 )]. The highly interconnected graphene network in the 3D-HGF provides excellent electron transport properties, and its hierarchical porous structure, with large-sized pores (macropores) in the 3D network and tunable micro-to meso-pores in the graphene sheets, facilitates rapid ion transport and mitigates diffusion limitations throughout the entire electrode architecture. This morphology produces interpenetrating electron transport and ion transport paths that enable high capacity at high charge/ discharge rates at practical levels of mass loading (22, 23 T-Nb 2 O 5 , the high rate capability can only be realized in thin-film electrodes or at relatively low mass loading (generally <2.0 mg cm
) despite considerable efforts in nanostructure design and the use of carbon-based hybrid architectures (24, (26) (27) (28) (29) . In the thicker electrodes, the overall rate capability is limited by insufficient delivery of ions to the electrode material surface (29) . The susceptibility of the high rate performance of T-Nb 2 O 5 to mass loading makes it an interesting model system for investigating the design of electrode architectures.
Synthesis and characterization of the hierarchically porous composites
We prepared the free-standing Nb 2 O 5 /HGF composites using a two-step process in which graphene oxide (GO) or holey graphene oxide (HGO) is combined with Nb 2 O 5 ( Fig. 1 and supplementary text) (30) . The porous composite electrodes are designed to fill with electrolyte and thus enhance the ion transport kinetics (31, 32) . We prepared the composites from HGO sheets with varying pore sizes, which were prepared by etching GO sheets with H 2 O 2 for 0, 0.5, 1.0, and 2.0 hours.
The oxidative-etching process initiates from the chemically more active oxygenic defect sites and propagates in the basal plane of GO to form increasingly larger pores with increasing etching time (23, 33, 34) , as demonstrated through highresolution transmission electron microscopy (HR-TEM) studies (Fig. 2 , A to D). The two-step synthesis produce free-standing 3D porous composites with graphene framework (GF) or holey graphene framework (HGF) as the conductive scaffolds for Nb 2 O 5 nanoparticles (Fig. 2E and fig. S1 ), which are identified as Nb 2 (table S1 ).
The two-step synthesis approach effectively produces mechanically strong 3D porous composites with high mass loading of Nb 2 O 5 nanoparticles and sufficient electrical conductivity for high power performance. In contrast to other synthesis methods (figs. S4 and S5), the two-step approach decouples the active material loading step from the formation of the 3D architecture, thus offering a general strategy to incorporate a wide range of active materials into the 3D architecture without affecting the overall structure.
Tuning electrochemical properties by porosity
In order to ensure a proper comparison for the different Nb 2 O 5 /HGF composite electrodes, the amount of T-Nb 2 O 5 is controlled to be around 85 weight % (wt %) for all composites [ fig. S6 , thermogravimetric analysis (TGA)]. The porosity is controlled at 0.60 ± 0.03, with a tap density of 1.54 ± 0.09 g cm −3 for all the composite electrodes after compression for coin cell assembly (supplementary text). To probe the effect of structural features on the charge transport kinetics, we first conducted electrochemical impedance spectroscopy (EIS) measurements on composites by using a symmetric cell with two identical electrodes, which can provide more accurate impedance spectra of the electrode-electrolyte interface than that of typical EIS measurement of asymmetric cell with a counter electrode (such as a lithium metal electrode) (36, 37) . Before lithiation, the Nyquist plots (Fig. 3A and fig. S7 ) of a symmetric cell at a practical mass loading of 11 mg cm
describe a nonfaradaic process with a state of charge (SOC) at 0%. These plots exhibit a 45°s lope in the frequency region between~5 and 100 Hz and quasi-vertical lines at lower frequency (<1 Hz). These features indicate a nonfaradaic process that can be further validated analytically by an equivalent circuit by using a transmission line model (TLM) for porous electrodes ( fig. S8A)  (36, 37) . ) at a SOC 0%. The projection of the 45°slope in the high-frequency region is used to determine the ionic resistance for the electrolyte-filled porous architectures in a nonfaradaic process ( fig. S4, A to D (Fig.  3A and fig. S7 ), which is a key parameter for characterizing the rate capability of a porous HGF electrode during the charge/discharge process (37) . This projection is defined as R ion /3, as derived from a TLM for cylindrical pores (the complete derivation is available in the supplementary text) (36, 37) . The determination of R ion /3 for each composite electrode in Fig. 3A  is shown in fig. S7 , A to D. In our simulations, we followed the approach of Ogihara et al., using the finite length Warburg element open circuit terminus (W o ) for the TLM at 0% SOC (36) . We added another circuit element ( fig. S7E ) to account for an additional resistance at high frequency because the EIS showed a depressed semicircle in the frequency region >100 Hz. This contribution (R high ) is believed to arise from an interfacial charge transfer resistance of the graphene component in the composites (38, 39) . Another parameter derived from the TLM is the electrolyte resistance, R sol . The simulations (fig. S7) enable us to obtain values for R ion , R high , and R sol (table S2) for the various electrodes shown in Fig. 3A .
The gradual changes in projection length values for the different electrodes show a decrease in ionic resistance (R ion ) from 27.1 to 8.8 ohm cm 2 , with increasing pore size in the HGF scaffold ( Fig.  3B and table S2) . Additionally, the variation in the imaginary part of the capacitance with frequency indicates that the optimized porous architecture (Nb 2 O 5 /HGF-2.0) exhibits a much shorter time constant ( fig. S9) (40) . These studies demonstrate that the ion transport kinetics can be improved by tailoring the pore size in the holey graphene sheets that form the 3D graphene scaffold. Here, the in-plane pores in the holey graphene sheet function as ion transport shortcuts in the hierarchical porous structure to facilitate rapid ion transport throughout the entire 3D electrode and greatly improve ion access to the surface of the T-Nb 2 O 5 . As expected, neither R high nor R sol shows significant variation with electrode porosity (table S2) .
We have carried out a series of galvanostatic studies to examine the effect of C-rate and composite architecture at a mass loading of 6 mg cm . The results indicate that the Nb 2 O 5 / HGF-2.0 electrode consistently exhibits higher capacity for a given C-rate (Fig. 3, C and D, and figs. S10 and S11). The continuous decrease in voltage with increasing capacity is observed in all electrodes, suggesting a pseudocapacitive behavior. Another apparent characteristic of Nb 2 O 5 / HGF electrodes is that there is a relatively high cut-off voltage of 1.1 V, which is consistent with previous studies (41) .
The 3D porous composites with tailored nanopores exhibit enhanced specific capacity compared with the macroporous electrode without tailored nanopores (Nb 2 O 5 /GF), and this difference widens with increasing C-rate (Fig. 3D) 
Effects of mass loading on electrode performance
Three different levels of mass loading were investigated, corresponding to a typical loading amount for research studies (1 mg cm
), one that is representative of practical levels of loading (11 mg cm and different electrode architectures. For the latter, the electrochemical behavior of one of the optimized 3D porous HGF composites with tailored nanopores (Nb 2 O 5 /HGF-2.0) was compared with two other composites: 3D porous Nb 2 O 5 /GF composite with no in-plane nanopores and Nb 2 O 5 /G composite with a randomly stacked graphene network (the different synthesis processes are described in the supplementary materials, materials and methods, and the structural comparison is provided in fig. S14 ).
For the Nb 2 O 5 /G control electrodes, it is apparent that the mass loading can dramatically alter the galvanostatic charge-discharge characteristics (Fig. 4A) . The voltage-capacity curves exhibit an increasingly steeper slope and larger voltage drop with increasing mass loading. This response results from an increasingly larger internal resistance that in turn leads to higher overpotentials and lower capacities (21) . For example, at 10C the capacity of the Nb 2 O 5 /G control electrode decreases from 85 mAh g −1 at mass loading of 1 mg cm −2 to 25 mAh g −1 at 11 mg cm −2 (Fig. 4, A and D). Such rapidly degrading performance with increasing mass loading highlights the challenges in delivering sufficient ion current densities to retain the same gravimetric energy storage performance in thicker electrodes. The charge-discharge curves of the optimized Nb 2 O 5 /HGF-2.0 electrode show a relatively small voltage drop and capacity loss, with increasing mass loading (Fig. 4B) . This indicates that the 3D hierarchically porous HGF architecture leads to a much lower internal resistance. As a result, the Nb 2 O 5 /HGF-2.0 electrode shows much less capacity degradation induced by mass loading at various C-rates (Fig. 4C) , and a capacity of 139 mAh g −1 is maintained with 11 mg cm −2 loading at a high rate of 10C. This value is only 7% less than the 1 mg cm −2 mass loading for the same electrode architecture (Fig. 4D) . Even at the high rate of 50C, the Nb 2 O 5 /HGF-2.0 electrode with a mass loading of 11 mg cm −2 retains a capacity of
, a decrease of only 28% from that of the 1 mg cm −2 electrode (Fig. 4E) . In contrast, increased mass loading for Nb 2 O 5 /G control electrodes (Fig. 4C) leads to a significant decrease in energy storage properties with essentially diminished capacity at high C-rate (only 7 mAh g −1
at 50C). The Nb 2 O 5 /HGF-2.0 electrode also exhibits stable cycling performance ( fig. S15 ). After 10,000 cycles at 10C, the capacity is~125 mAh g −1 (90% retention), and Coulombic efficiency is above 99.9%, demonstrating the robust porous architecture of the 3D composites.
Implications of high mass loading
Increasing the areal capacity can reduce the relative overhead from the current collectors and separators and is thus critical for achieving higher cell level energy and power density and lowering cost (19) . For this reason, the areal capacity provides an important measure for assessing the performance of an EES system (18, 19, 21) .
The relation between areal capacity (mAh cm higher slope at the 10C as compared with other architectures. The linear response for the Nb 2 O 5 / HGF-2.0 composite electrode suggests that no limitation has been reached in mass loading at the rate of 10C (which corresponds to a current density of 22 mA cm −2 ), whereas the other control electrodes exhibit apparent plateaus or even a decrease in capacity, with increasing mass loading due to the worsening charge transport characteristics in thicker electrodes.
A second relationship evident from Figs. 3 and 4 is the dependence of specific capacity on C-rate for the Nb 2 O 5 /HGF-2.0 electrode. In Fig. 5B , the areal capacity increases linearly, with mass loading at C-rates of 5 and 10C up until 11 mg cm −2
. At higher mass loading levels, deviations from linearity occur as the areal capacity begins to reach a plateau at the 5C rate and experiences a slight decrease in areal capacity at 10C. In the linear region, there is a relatively small difference in slope, which is expected because the specific capacities vary only by <10% for the different levels of mass loading. The plateau-like behavior at 5C has been interpreted as reaching a limiting condition. Specifically, Gallagher et al. proposed that the plateau was an indication that the penetration depth for the ionic current was being reached (19) . The transition between the linear response and the plateau suggests that the higher loading becomes progressively less beneficial. The decrease in areal capacity (for example, 10C at loadings above 11 mg cm −2 ) was interpreted as being the result of concentration gradients being generated. It would seem that under the conditions involved here-thick electrodes and high current density-concentration effects are likely to develop.
The data in Fig. 5B are rearranged in Fig. 5C to show the effect of both loading and current density on the areal capacity of the Nb 2 O 5 /HGF-2.0 electrode. The highest loading (22 mg cm −2 here) leads to an areal capacity reaching 3.9 mAh cm −2 . The curve shape for each mass loading level is sigmoidal: The high areal capacities will level off to a maximum value at sufficiently low current density as all the electrode material becomes accessible to electrolyte penetration (19) , and all the samples with different mass loadings show a fairly steep decrease in areal capacity when the current density is increased beyond 20 mA cm . This response suggests that charge transport within the electrolyte is becoming the limiting factor at such high current density (19) . That is, ion transport in the electrolyte-filled porous electrode is responsible for the fall-off in areal capacity, indicating that the capacity of the active electrode is not being fully used.
We have also compared the areal capacity versus current density with state-of-the-art commercial graphite anodes (19, 20, 42) and representative research anodes (such as Nb 2 O 5 and Si) (Fig. 5D) (15-17, 24, 26, 27, 43-45) . In general, in contrast to the rapid decay in areal capacity with increasing current density observed in typical commercial or research devices, our composite electrode exhibits a much more gradual change. This is particularly evident in the linear plot of the areal capacity versus current density ( fig.  S16 ). At >5 mA cm −2 , the optimized Nb 2 O 5 / HGF-2.0 electrode delivers a much higher areal capacity at a given current density. Moreover, the composite electrodes continue to provide energy storage at high current density beyond 20 mA cm −2 , at which no other battery material system seems to perform. The advantage of having electrodes with high mass loading becomes more apparent when the mass of the inactive components (such as current collectors~10 mg cm −2 ) are taken into account (18, 21) . As demonstrated in Fig. 5E , an electrode with a mass loading of 11 mg cm −2 will experiencẽ 50% decrease in both the specific capacity and current density if the mass of the current collector (~10 mg cm −2 ) is considered. By comparison, the corresponding performance for an electrode with a mass loading of 1 mg cm −2 will be reduced >90%. Thus, even with a high performance material, when the mass loading is low, the performance of the active material has much less influence on the final device because the mass of the passive components dominates the total electrode mass. This analysis only considers the additional weight from the current collectors. The inclusion of separators and packaging (table S4) could further diminish the performance of the device and further establish the importance of achieving high mass loading for practical devices.
Together, our studies demonstrate that tailored porosity in the 3D conductive scaffold is essential for achieving optimized charge transport and high-rate energy storage at practical levels of mass loading. We showed that the Nb 2 O 5 /HGF composite electrode with optimized porosity is able to support a significant increase in mass loading with little decrease in electrochemical performance. At rates as high as 10C, there is little difference in specific capacity for mass loadings ranging from 1 to 11 mg cm −2 , the latter being relevant to practical device applications. The achievement of high area capacity with highrate capability at large mass loading represents an essential step toward practical electrochemical energy storage devices.
